Abstract. While the broad-lined Type Ic supernovae (SN Ic-bl) associated with long-duration gamma-ray bursts (GRBs) have been studied, we do not fully understand the conditions that lead to each kind of explosion in a massive star. Here we show clues as to the production mechanism of GRBs by comparing the chemical abundances at the sites of 5 nearby (z < 0.25) broad-lined SN Ic that accompany nearby GRBs with those of 12 nearby (z < 0.14) broad-lined SN Ic that have no observed GRBs. We show that the oxygen abundances at the GRB sites are systematically lower than those found near ordinary broad-lined SN Ic. A unique feature of this analysis is that we present new spectra of the host galaxies and analyze the measurements of both samples in the same set of ways, using 3 independent metallicity diagnostics. We demonstrate that neither SN selection effects (SN found via targeted vs. non-targeted surveys) nor the choice of strong-line metallicity diagnostic can cause the observed trend. Though our sample size is small, the observations are consistent with the hypothesis that low metal abundance is the cause of some massive stars becoming SN-GRB. We derive a cut-off metallicity of 0.2−0.6 Z , with the exact value depending on the adopted metallicity scale and solar abundance value.
Introduction
We seek clues as to the production mechanism of long-durations gamma-ray bursts (GRBs) by comparing the chemical abundances at the sites of nearby broad-lined SN Ic (SN Ic) that accompany some GRBs with the broad-lined SN Ic that have no observed GRBs. In nearby (z < 0.25) long-duration GRBs, after the afterglow has faded, if the spectrum of the underlying event is observed, it is that of a broad-lined SN Ic (Galama et al. 1998 , Stanek et al. 2003 , Hjorth et al. 2003 , Modjaz et al. 2006 . These are SN Ic whose optical spectra show no hydrogen or helium lines and whose line widths approach 30,000 km s −1 (2-3 times larger than normal SN Ic, see Figure 1 ), also known as Meikle et al. 1996) ; SN 1999em (SN II; Leonard et al. 2002 Modjaz 2007 Modjaz 2007) , and SN 1998bw (broad-lined SN Ic; Galama et al. 1998). "Hypernovae". However, a growing number of broad-lined SN Ic are also seen without accompanying GRBs. If low metallicity is necessary for producing conditions suitable for GRBs, as proposed by observational studies (e.g., Stanek et al. 2006 ) and theoretical work (e.g., Yoon & Langer 2005 , Woosely & Heger 2006 ), then we would expect broadlined SN Ic intrinsically without GRBs to erupt in higher metallicity environments. This is the hypothesis we test here, using the best available list of SN and our own uniform determinations of the local metal abundance. Details of this work are presented in Modjaz et al. (2008a) .
Sample and Observations

SN Host Galaxy Samples
For our sample of SN connected with GRBs, we considered the four nearby secure cases of direct, and spectroscopically determined, SN-GRB associations, namely GRB 980425 / SN 1998bw, GRB 030329/SN 2003dh, GRB 031203/SN 2003lw and GRB/XRF 060218 / SN 2006aj. We also include the host of XRF 020903 that had a clear supernova signature in its light curve and in its afterglow spectrum, but we do note that this SN confirmation has a lower degree of certainty than the other GRB-SN associations. In order to derive oxygen abundances, we used the published emission-line fluxes for the sites of the SNGRBs, when possible, and otherwise the light-integrated host galaxy spectra (see Modjaz et al. 2008b for a full list of references).
We obtained and analyzed host galaxy spectra of a total of 12 broad-lined SN Ic without observed GRBs. A few of these broad-lined SN Ic are well-documented in the literature, and to increase our sample, we searched for additional ones in the announcements of the International Astronomical Union Circulars. Half of our sample consists of host galaxies of SN that were found via traditional galaxy-targeted SN surveys (e.g., Lick Observatory SN Search), whereas the other half consists of galaxies in which the SN were found via large field-of-view or rolling surveys, i.e., where the host galaxy was not targeted (e.g., Texas SN survey, SDSS-II SN survey). We are aware that selection effects can be introduced by different methods of discovery. To mitigate these selection effects, we worked hard to include SN that were found in host galaxies that had not been targeted for search. We believe they provide a better match to the host galaxies that are selected by the appearance of a GRB. For completeness, we analyze and discuss spectra of all broad-lined SN Ic. But when directly comparing to the sample of SN Ic connected with GRBs, we identify the SN Ic found in the same, non-targeted fashion in order to minimize discovery selection effects. The sample size of broad-lined SN Ic that are free of galaxyselection effects is comparable to that of SN-GRB. More details about the sample are given in Modjaz et al. (2008a) .
Observations and Metallicity Measurements
We obtained spectra of the SN sites and of their galaxy nuclei via our own observations (with the 6.5m Magellan, the 6.5m MMT, and 1.5m Mt. Hopkins telescopes) and archival data (SDSS DR5). Using the galaxy emission-line measurements corrected for stellar absorption and extinction, we derive central oxygen abundances and abundances at the SN position, while explicitly including the statistical uncertainties in the line measurements. We compute oxygen abundances via strong-line diagnostics using three independent and well-known calibrations: Kewley & Dopita (2002) , McGaugh (1991) , and Pettini & Pagel (2004) , the latter being effectively in the direct electron temperature (T e ) scale. Furthermore, we compute local star formation rates, and draw from the literature the host galaxy B-band luminosities, M B . We compare the properties of our sample with properties of the 5 nearby SN-GRB hosts for which we derive chemical abundances using published emission line fluxes via the same metallicity diagnostics as for the SN without GRBs in our sample. Furthermore, we include the sample of local (0.005< z <0.2) SDSS star forming galaxies (Tremonti et al. 2004) , whose abundances we computed in the same three scales using their published line fluxes. Figure 2 shows the main result of our comparison: we plot host galaxy metallicity (as expressed in terms of oxygen abundance 12+log(O/H) with the KD02 calibration) and host galaxy luminosity (M B ) of broad-lined SN Ic without observed GRBs (called "SN Ic (broad)", circles) and with GRBs (called "SN Ic (broad & GRB)", squares). Objects whose host galaxies had not been targeted during the discovery have an extra circle (for SN without GRBs) or an extra square (for SN with GRBs) around their plotted symbol. We note that three of the five broad-lined SN Ic found in the lower luminosity galaxies (M B > −19 mag) were discovered by the SDSS-II SN Survey, which is a galaxy-impartial survey. For the broad-lined SN Ic we only plot abundances measured at or extrapolated to the SN position. These plotted values are lower than the values we measure for the center of the same host galaxies presumably due to metallicity gradients. The SN-GRB host abundances also reflect the metallicity at the SN-GRB position, since they were either measured specifically at the SN position (for GRB 980425/SN 1998bw), or the SN reside in the nucleus of their dwarf-galaxy hosts that are chemically homogeneous (Kobulnicky et al. 1997) . Due to the short life times of the massive SN progenitor stars 
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Figure 2. Host galaxy luminosity (MB ) and host galaxy metallicity (in terms of oxygen abundance) at the sites of nearby broad-lined SN Ic ("SN Ic (broad)": filled circles) and broadlined SN Ic connected with GRBs ("SN (broad & GRB)": filled squares; see also Stanek et al. (2006) , Kewley et al. (2007) ). Extra circles and squares designate SN which were found in a non-targeted fashion. The oxygen abundances are in the Kewley & Dopita (2002) (KD02) scale and represent the abundance at the SN position. Due to radial metallicity gradients, the gas abundance at the SN position is lower than the central galaxy abundance for some SN. Labels represent the SN names while one ("020903") refers to its associated GRB. Yellow points are values for local star-forming galaxies in SDSS Tremonti et al. (2004) , re-calculated in the Kewley & Dopita (2002) scale for consistency, and illustrate the empirical luminosity-metallicity (L − Z) relationship for galaxies. Host environments of GRBs are systematically less metal-rich than host environments of broad-lined SN Ic where no GRB was observed, even for the same range of host luminosities. The dotted line at 12+log(O/H)KD02 ∼8.5 designates the apparent dividing line between SN with and without observed GRBs.
(<10 Million years for M ZAMS >20M ), we regard the metallicities at the SN position as natal metallicities.
Moreover, we plot in Figure 3 the comparison between the two host samples and the local SDSS galaxies in the metallicity scales of M91 and of PP04-O3N2, with the latter being effectively in the T e scale. While the absolute values of the abundances are different in different scales, as expected, the bimodal distribution persists in each scale and thus, is independent of the choice of metallicity diagnostic. The K-S Test applied to the host abundances of SN Ic (broad & GRB) and SN Ic (broad) found in a nontargeted fashion yields low probabilities of 4% (M91-based abundances) and 3% (T ebased abundances) that they are drawn from the same population. For each scale, we plot as a dotted line the boundary that separates the two samples: 12+log(O/H) M91 ∼8.4 and 12+log(O/H) Te ∼8.1. Although our sample is small our findings are consistent with the hypothesis that low metal abundance is the cause of some very massive stars becoming SN-GRB. The absolute value for the cut-off metallicity ranges between 0.2−0.6 Z depending on the adopted metallicity scale and solar abundance value. At face value, our results differ from various studies in the literature, which have concluded that high-z GRB hosts are not necessarily low-metallicity systems. However, there might be intrinsic differences in GRB population at low and high z (e.g., Guetta & Della Valle 2006) : the low-z GRBs might constitute a different class of low-luminosity GRBs that are not detected at higher z. Moreover, most of the techniques for measuring abundances at higher z are different from our direct approach, as they use absorption techniques in GRB afterglows (Prochaska et al. 2007 and references therein).
Radio observations do not support off-axis GRBs with broad-lined SN Ic in half of our sample (Soderberg et al. 2006 ), while we cannot exclude the possibility of off-axis GRBs in the rest of the SN sample. Recently, Mazzali et al. (2005) argued for an off-axis jet in one SN of our sample, SN 2003jd (see Figure 2) , since they interpreted double-peaked oxygen profiles observed in its late-time spectra as signs of an aspherical, axisymmetric explosion caused by a jet. However, a large set of SN with nebular spectra exhibit doublepeaked oxygen profiles, which indicates that asphericities are common in normal SN Ib/c (Modjaz et al. 2008b , Maeda et al. 2008 and not necessarily a sign of an off-axis GRB.
Conclusions
We presented spectroscopic data of a statistically significant set of host galaxies of 12 nearby (z <0.14) broad-lined SN Ic with no observed GRBs. Using the galaxy emissionline measurements corrected for stellar absorption and extinction, we derived central oxygen abundances and abundances at the SN position based on strong-line diagnostics in three independent scales. We compared the properties of our host sample with the at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1743921308020887 508 M. Modjaz et al. properties of five nearby SN-GRB hosts, for which we derived chemical abundances using the same three metallicity diagnostics as for SN without observed GRBs. Broad-lined SN Ic without GRBs tend to consistently inhabit more metal-rich environments, and their host galaxies, for the same luminosity range (−17 < M B < −21 mag), are systematically more metal-rich than corresponding GRB host galaxies. The trend is independent of the choice of diagnostic and cannot be due to selection effects as we include six SN found in a similar non-targeted manner as GRB-SN.The boundary between broad-lined SN Ic that have a GRB accompanying them and broad-lined SN Ic without a GRB lies at an oxygen abundance of ∼ 12+log(O/H) KD02 ∼ 8.5, which corresponds to 0.2−0.6 Z depending on the adopted metallicity scale and solar abundance value. M.M. acknowledges support from the Miller Foundation for the time during which part of this study was conducted and thanks the organizers of IAUS 250 for an enjoyable and enlightening conference. Supernova research at Harvard University has been supported in part by the National Science Foundation grant AST06-06772.
